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Abstract 

Thin films were fabricated from poly(vinylpyrrolidone) (PVPON) and poly(acrylic acid) (PAA) based on hydrogen bonding layer-by-layer 
(LBL) assembly process. Due to light interference, PVPON/PAA films present Fabry-Perot fringes in the UV-Vis-NIR spectrum. LBL assembly 
constructed the film on both sides of substrate (double-side film), which are different to traditional vacuum deposition that forms the film only on 
one side of substrate (single-side film). The light interference processes of the double-and single-side films were fully analyzed. Using the peak 
positions and amplitude of the Fabry-Perot fringes, the refractive index and thickness of the film can be evaluated. Furthermore, Fabry-Perot 
fringes can be utilized to monitor the film’s growth and water content variation in the film. 

© 2007 Elsevier B.V. All rights reserved. 

Keywords: Layer-by-layer assembly; Hydrogen bond; Fabry-Perot fringes; Film interference 


1. Introduction 

For a long time, researchers have been seeking various 
methods, such as vacuum thermo deposition, chemical vapor 
deposition (CVD), molecular beam epitaxy (MBE), sol-gel 
process, electroless deposition, and spin coating, to fabricate 
thin films to meet the increasing demands in science and 
technology. In recent years, a method named layer-by-layer 
(LBL) assembly has been developing to fabricate composite 
films with tailored structure. Decher et al. definitely described 
LBL assembly by alternately depositing positively and 
negatively charged polymers on a charged surface in the early 
1990s [1,2]. This electrostatic assembly process allows for 
incorporation of a wealth of materials, such as proteins, DNA, 
virus, inorganic nanoparticles, and exfoliated clay sheets, into 
the construction of the thin films [3-5]. However, the other 
molecular interactions such as hydrogen bond [6,7], charge- 
transfer interaction [8,9], coordination bond [10,11], and even 
covalent bonds [12,13], can also provide choice to drive the 
LBL assembly process. In particular, hydrogen bonding 
assembly is deserved to pay attention to. Hydrogen bonds, as 
a kind of readily reversible molecular interactions, can induce 
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supramolecular ordering and plays the essential roles in the key 
steps in the dance of life, e.g. DNA replication, protein folding, 
the specific enzyme recognition and the detection of molecular 
signals. Furthermore hydrogen bonding is generally sensitive to 
pH and ion strength, which are very useful to the controlled 
release and encapsulation [14]. 

Film interference is a common light phenomenon. When the 
film’s thickness reaches to the level of a quarter of wavelength 
of the visible light, generally we can observe the light 
interference with naked eyes. However, to classic electrostatic 
LBL system, such as PAH/PSS, the film only increases with 
about 1 nm per assembly cycle [15], therefore the fabrication of 
a several-hundred-nanometer-thick film is a very arduous work. 
Improving the ion strength of the assembly solutions, the 
increment of per assembly cycle can largely increase, but higher 
ion strength enhances the roughness of the film [16], which 
would scatter light away and disturb the film interference. 
Stockton and Rubner reported hydrogen-bonded LBL assembly 
of polyaniline (PANi) with a number of different nonionic, 
water-soluble polymers including poly(vinylpyrrolidone) 
(PVPON), poly(vinyl alcohol) (PVA), poly(acrylamide) 
(PAAm), and polyethylene oxide) (PEO) [6]. At the same 
time they compared the hydrogen bonding assembly films with 
the electrostatic assembly film (PANi/PSS), and found that 
hydrogen bonding assembly tends to produce the more 
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Fig. 1. UV spectra of (PVPON/PAA)„ films for values of n varying from 2 to 10 
cycles. 

interpenetrated structure and thicker film because the charged 
repulsion among the polymer segments was almost avoided. 
Recently, we found that LBL assembling PVPON and PAA 
based on hydrogen bonding can produce the thicker and 
smoother film compared to its electrostatic counterparts, and the 
film often exhibited many oscillations (Fabry-Perot fringes) in 
the UV-Vis-NIR spectrum. In this paper, we will fully analyze 
this light interference process of the LBL film, and elaborately 
demonstrate how to use the information derived from Fabry- 
Perot fringes to determine the film’s thickness and refractive 
index. At the same time, Fabry-Perot fringe will be introduced 
as a simple but effective way to monitor the film’s growth and 
composition variation. 

2. Experiment 

2.1. Materials 


hydrochloric acid (HC1, 36.5%) and sodium hydroxide were 
received from Beijing Chemical Reagent Co. 

2.2. Preparation of the films 

2.2.1. LBL films (double-side films) 

The hydrogen-bonded PVPON/PAA films were fabricated 
on quartz or glass substrates. Before assembling, the substrates 
were thoroughly cleaned: first immersed in a boiling H 2 S0 4 / 
H 2 0 2 mixture (7:3 (v/v)) for 30 min, then rinsed with deionized 
water thoroughly, and finally dried with a stream of pure N 2 . 
The pH values of the 1% (w/w) PVPON and PAA aqueous 
solutions and of the rinsing solutions were adjusted to 2 and 2.5, 
respectively, using HC1 and NaOH solution. The films were 
fabricated with an automated machine (North Tianfu Ltd., 
Beijing, China) at the temperature of 25 ±2 °C. The substrates 
were alternately immersed in the PVPON and PAA solutions for 
4 min, with three rinsing intervals, 1 min each, to remove the 
excess of polymers. The number of assembly cycles was varied 
from 10 to 20. The sample name (PVPON/PAA)„ designates 
film was made PVPON and PAA using n assembly cycle(s). 

The LBL assembly constructed the PVPON/PAA film on 
both sides of the substrate. PVPON/PAA film is hydrogen- 
bonded and it can be disintegrated at higher pH values [14]. The 
PVPON/PAA film at one side of the substrate was removed with 
0.1 M NaOH solution to get the single-side film. 

2.2.2. Vacuum evaporation of LiF film (single-side film) 

The LiF film was formed on a quartz substrate by vacuum 
deposition under a pressure of 3 x 10~ 4 Pa. The thickness of the 
thin film was monitored by a quartz crystal oscillator placed near 
the substrate and was calibrated ex situ by an Ambios Technology 
XP-2 surface profilometer, and the film thickness is about 270 nm. 

2.3. Characterization 


PAA sodium salt (Mw=8000) and lithium fluoride (LiF) 
were purchased from Aldrich. PVPON (K30, Mw=40,000), 


The UV-Vis-NIR spectra were recorded on a Shimadzu 
UV-1601 PC spectrophotometer (Spectroscopic range: from 



Fig. 2. AFM image (10 gm* 10 gm) of the (PVPON/PAA) 16 film. 



Fig. 3. Vis-NIR spectra: (a) double-side and (b) single-side (PVPON/PAA) 16 
film on a quartz slide; (c) single-side (PVPON/PAA) 16 film on a glass side; 
(d) Lif film on a quartz slide. In the spectmm (a), X k and X k+m are the k th and (k+m) 
th level interference peaks respectively (in this example m= 2). 
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Scheme 1. (A) a light beam propagates via air-film and film-substrate interface, 
(B) illustration of the direction of the transmitted and reflected lights via the 
interfaces. 


190 to 1100 nm). Atomic force microscopy (AFM) measure¬ 
ments were carried out in air at room temperature on a 
Nano scope III A machine (Digital Instruments, Inc., USA) 
under the tapping mode. Commercial silicon probes (model 
TESP-100) with a typical resonant frequency of approximately 
300 kHz were used to obtain the images. IR spectra were 
measured on a Bruke Equinox 55 spectrophotometer. 

3. Results and discussion 

3.1. Fabry-Perot fringes of the PVPON/PAA film 


Therefore the PVPON/PAA film should be endowed the 
capacity to obtain a certain high homogeneity too. AFM was 
applied to scan the morphology of the PVPON/PAA film. As 
shown in Fig. 2, the AFM image shows that film is very smooth, 
and the root mean square (RMS) roughness is only 2.738 nm at 
the area of 10 pmx 10 pm. 

The smooth surface avoids diffuse reflection and is in favor 
of the optical characterization. When a (PVPON/PAA) 16 film 
was characterized by the spectrometer, there were many 
oscillations in the spectrum, as shown in Fig. 3. These 
oscillations are named as Fabry-Perot fringes which are 
stemmed from light interference caused by the film at the 
different wavelength values. 

3.2. Analysis interference process of hydrogen-bonded film 

As shown in Scheme 1 , due to transmission and reflection at 
the interfaces of film-air and film-substrate, when a light beam 
from air, through the film and then into the substrate, will be 
split into many sub-beams, which are expressed as below: 

Ei = t+t+E 0 

E 2 = t\r\e~ j2(p E 0 , . 

E z = tpplrpltp-J^Eo 1 ’ 


So the complex expression of the amplitude of the beams 
through the film propagated in the substrate, is given by 


= I> = T 

1= 1 


P/t 
L \ l 2 


— r^ r x e~l 2( P 


( 2 ) 


E 0 is the amplitude of the incident beam and Ei is the 
amplitude of the zth emerging beam. t\ and r\ and rf) are 
the transmission and reflection coefficients for the air-film 
(film-substrate) interface, while t[ and rfifi and rf) are the 
transmission and reflection coefficients for the film-air 
(substrate-film) interface. 2cp is the difference of phase between 
two consecutive rays, which is determined by the difference of 
optical path 6. 


PVPON and PAA can form the hydrogen-bonding inter¬ 
polymer complex in aqueous solution [17], and recently we 
fabricated the composite film containing poly(methylsilses- 
quioxane) (PSQ) via LBL process based on hydrogen bonding 
between PVPON and PAA [18]. As long as the pH values of the 
assembling and rinsing solution were rigidly controlled 
(pH <4), the PVPON and PAA can been easily assembled on 
the substrate to construct the films. 

UV-Vis spectrometer was applied to monitor the assembly 
process of PVPON and PAA. As shown in Fig. 1, the 
absorbance of the film is quickly increasing as the assembly 
process going on. 

Mi et al studied the miscibility of the PVPON/PAA complex 
using 13 C solid state NMR, and estimated that the homogeneity 
is down to the scale of ~15 A [19]. The LBL assembled 
PVPON/PAA film can be looked as a kind of interpolymer 
complex too, but at the solid-liquid interface not in the solution. 


, 2n 

2q> = — x 5 

( 3 ) 

5 = 2n\dcom 

( 4 ) 


In Eq. (4), d and 72 7 is the thickness and refractive index of 
the film respectively, and a is the incident angle of the beams. In 
our case a is equal to zero therefore the differences of phase is 
expressed as: 

27 1 

2(p = —- x 2n\d, (5) 

A 


then 


<P = 


2nn\d 

A 


(6) 
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Film 

Substrate 

Film 


Scheme 2. Light transmits through the single-and double-side film respectively. 


When the film and substrate are both dielectric and incident 
angle is zero, the transmission and reflection coefficients is 
expressed as below [20]: 


>+ _ Tip - n\ 

1 np + ni 


(?) 


+ n x -n 2 
2 — — 7*2 

721 + 72 2 


(8) 


472 () 72 i 
(«0 + «l) 2 


(9) 


To our UV-visible spectrometer, the scan scope is from 
190 nm to 1100 nm, and spectroscopic width is 2 nm. So 


Lm< 


(1IOO 72772) 2 

272722 


= 60500072722 = 0.605722722 


(13) 


However, the thickness of the substrate (quartz) is 1.2 mm 
and its refractive index is 1.46 at 550 nm. The difference of 
optical path contributed from the substrate is calculated as 
below 


ln 2 d = 2 x 1.46 x 1 .2222222 = 3.504222222 


(14) 


472 1 722 

(»i + n 2 f 


( 10 ) 


n 0 and n 2 are refractive indexes of air and the substrate, respectively. 
According to Eqs. (7) and (8), Eq. (2) was modified as 




/+/+ 
l l l 2 


+ rfr%e-j 2, P 


E 0 (11) 


1 + Re"-' 2 '? 


^(T = tl4,R = rt4) 


When the light beams through the substrate enter into air 
again, there are two kind situations, Situation A (directly enter 
into air, single-side film) and Situation B (into air via a film, 
double-side film), as shown in Scheme 2. The vacuum 
deposition method can only construct film on the one side of 
the substrate, i.e. so-called the single-side film, which is 
corresponding to Situation A; however the LBL assembly can 
build the equivalent film on both sides of the substrate, i.e. so- 
called double-side film which is corresponding to Situation B. 

There are three prerequisites to light interference: (1) equal 
frequency, (2) same direction, and 3) constant difference of phase. 
Atom irradiance is incontinuous. Different beams irradiated from 
an atom do not have the fixed phase-relationship therefore they can 
not interfere. In practical cases, only do the beams, which are split 
by one beam, have constant difference of phase. Moreover, a light 
beam has a limited life time therefore there exists a maximal 
interference length. When the difference of optical path exceeds the 
maximal interference length, there is no interference phenomenon. 
The maximal interference length (L m ) is estimated by 

Lm = Al (12) 

X and A X are the wave length and width of light source 
respectively. 


Comparing Eq. (13) with Eq. (14) 

Lm <C 2n 2 d (15) 

That is to say, the substrate can not make light interference 
because it is too thick. 

So the resulting amplitude of Situation A is the product of E t 
(Eq. (11)) and the transmission coefficient of the substrate-air 
interface (t A ), and it is expressed as 

t A T T a 

E’tA = Eft A = - Ep = - A — Eq , \ 

1+R q~ j2(P 1 + Re~ j2(p (16) 

(Ta = t A tid) 


Situation B is more complicated than Situation A. However, 
in Situation B, the amplitude can also be looked as a product of 
E, and a complex transmission coefficient (t B ). LBL assembly 
on planar quartz forms a symmetry structure, i.e. the film on one 
side is equivalent to that on the other side. So the amplitude of 
LBL film (Situation B) is: 


EtB = E t t B = 


L \ l 2 


1 - 


f' /I" 
L l l 2 


:E 0 - 


Eptg 


t 2 t x 


t x t x t 2 t 2 


Eq 


1 — r 2 r x e~J 2( P 1 — r x r 2 e~J 2( P (1 + r x r 2 e~i 2 ( p) 2 

Tb -^E 0 (T B = t+t A +t2) 

(17) 


(1 + Re--' 2 '?) 2 


Accordingly, the transmitted intensity of Situation A and B, 
are respectively described as 


dtA ^ E tA E tA — 
* 

Its a E tB E tB = 


(TaYeI 

(1 +R) 2 -4Rsin 2 (p 

(t b ) 2 4 

((1 + R) 2 - 4Rsin 2 q>) 2 


(18) 

(19) 
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Subsequently the absorbance of the films, ABS, are 
expressed as 


ABS, = — 

ABS^-.ogL.og 

J o (T b ) 


( 20 ) 

( 21 ) 


From Eqs. (7), (8) and (11), the expression of R is given by 


R = r+r+ = 


n o + «i«i+ n 2 


( 22 ) 


k = 


(i) In case of n 0 =ni or ri\ =n 2 ^>R = 0 

That is to say, if the refractive index of the medium is equal 
to that of the film or the refractive index of the film is equal to 
that of the substrate, there will be no Fabry-Perot fringes 
present in the spectrum. 

(ii) In case of n o <rii<n 2 ^R>0 

When sin 2 (p = 0, the absorbance has maximal values, and 
peaks will form in the spectrum. 

2,71 

(p = —n\d = kn{k = 1 , 2 , 3...) 

h 

2n\d 

h 

(k + m) = 

2-k+m 
TVlXkXk+yyi 

2 ii\d = —--- 

kk kk-\- m 

(iii) In case of n 0 <n 2 <ni^>R<0 
When sin 2 (p= 1, the peaks will form. 

2n 7T/ , s 

(p = — n\d = kn + — (k = 1,2,3...) 

h 2 

2t+l= 4 "' <i 


2n\d 


(23) 


4/ii d 


(24) 


h 

2{k + m) + 1 = 

kk+m 

Flkk^k+m. = 2l / l\d(y2] i 

2ri\d = ---- 

^k+m 

Eqs. (23) and (24) show that no matter ^>0 or^<0, the films 
have the same thickness expression. Through the peak positions of 


Table 1 

The relationship between the refractive index and the amplitude of the Fabry-Perot 
fringes when the films are deposited on the quartz slides. 


Refractive index of the film (n 0 

The amplitude of oscillation (^4 B ) 

1.460 

0 

1.470 

0.0023 

1.480 

0.0046 

1.490 

0.0069 

1.500 

0.0094 

1.510 

0.0119 

1.520 

0.0144 

1.530 

0.0170 

1.540 

0.0197 

1.550 

0.0224 

1.560 

0.0252 



Fig. 4. Vis-NIR spectra of the (PVPON/PAA)„ films for values of n varying 
from 10 to 20. (For clarity the spectra were transferred intentionally). 

Fabry-Perot fringes, we can calculate the optical thickness of the 
film, the product of the physical thickness and refractive index. 

However, the amplitude of Fabry-Perot fringes provides the 
information about refractive index. The amplitude is defined as below: 

A = ABS max - ABS min (25) 

According to Eqs. (20), (21), and (22), the amplitudes of 
Situation A and B (Scheme 2) is given as below respectively 



, (1+7?) 2 


t 1 +R 

A a = 

log V , 

(l-*) 2 

= 2 

log 

^1 -R 


= 2 


A b = 


= 4 


log 


«i(«o +^2) 


log 


log 


non 2 + n\ 

(i ±R)1 

(l-R) 4 
ni(n 0 +n 2 ) 



1 +R 

= 4 

log- 

^1 -R 


»o«2 + n\ 


(26) 


(27) 


The PVPON/PAA film on one side of the quartz slide was 
removed by sodium hydroxide solution, which makes the system 



Fig. 5. Film thicknesses as a function of the assembling cycles. (The film is the 
same to that in Fig. 4. The film thickness was determined by Eq. (23) and Table 1). 
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changed from Situation B to Situation A. According to Eqs. (26) 
and (27), after the film on one side was removed, the amplitude 
would become the half of the original value. While according to 
Eqs. (23) and (24), after the removal, the peak position should not 
shift. These conclusions are proved by Fig. 3(a) and (b). 

Eq. (26) or Eq. (27) indicates that the amplitude of the 
oscillations is determined by the refractive index of air, film and 
substrate. The refractive of air is considered as a constant value. 
When the same films are deposited on the different substrates, 
the difference in amplitude is determined by the refractive index 
of the substrate. The absorbance spectra of the PVPON/PAA 
films deposited on a glass and quartz slide are shown in Fig. 3 
(b) and (c) respectively. The refractive index of the glass 
(~ 1.50) is very close to that of the PVPON/PAA film therefore 
the spectrum (c) has very weak amplitude. While due to the 
refractive index of the glass is larger than that of the quartz, the 
spectrum (b) has stronger amplitude than that of spectrum (c). 

Generally, fluoride has very low refractive index. Here, LiF 
was deposited on a quartz slide under vacuum condition. For 
comparison, the LBL films on one side of the substrates 
(spectrum (b) and (c)) were removed. As shown in Fig. 3, the 
system (spectrum (d)) that FiF deposited on the quartz slide has 
the largest amplitude among them, owing to the striking 
difference between refractive indexes of the lithium fluoride 
(1.36 at 550 nm) and silicon dioxide (1.46 at 550 nm). 

In Eq. (26) or Eq. (27), if let 

_ ni(n 0 +n 2 ) 
n 0 n 2 + n\ 

then 

dy _ (w 0 + n 2 ){n\ - n 0 n 2 ) _ 

dn\ («o«2 + «i) 2 (28) 

n\ — non 2 = 0 
n\ = y/n 0 n 2 


When n\ = fnon 2 , the amplitude will reach to maximal 
value. That is why the materials whose refractive index is equal 



Fig. 6. FTIR spectra of a (PVPON/PAA) ]6 film after one-day incubation in water 
(pH=2) at room temperature and after one-day torrefaction in a oven at 80 °C. 



Fig. 7. Vis-NIR spectra of a (PVPON/PAA) 16 film: (a) after one-day incubation in 
water (pH=2) at room temperature; and (b) one-day torrefaction in a oven at 80 °C. 


to square root of the product of substrate and medium are 
selected to fabricate anti-reflectance film [21]. 

In Eq. (27), let 


When R >0 


_ ni(n 0 + n 2 ) 
n 0 n 2 + n\ 

an\ — n\ {no + n 2 ) + anon 2 = 0 


n\ = 


{no + n 2 ) ± \J{no + n 2 ) 2 - 4a 2 n 0 n 2 


2 a 


(29) 


When R< 0 


_ n 0 n 2 + n\ 
n\{no + n 2 ) 

n\ — an\{no + n 2 ) + non 2 = 0 


n\ = 


a{no + n 2 )±^ a 2 {no + n 2 ) 2 


4non 2 


(30) 


Through Eqs. (29) and (30) two roots are got, but under the 
practical condition, one of them can be deleted. In our LBL system, 
the quartz slides are usually used as substrate. The refractive index 
of LBL film is usually larger than that of the quartz therefore R< 0. 
The refractive indexes of air and quartz are 1.000 and 1.460 at 
wavelength of 550 nm respectively. For convenience, a table 
(Table 1) was presented according to Eq. (27). The amplitude can 
be read out through the spectrum of the LBL film, and then 
according to Table 1 the approximate value of the refractive index 
of the film can be estimated. (The dispersive effect is not taken into 
account here) 


3.3. Monitoring of LBL film thickness 

The UV-Vis-NIR spectra of the films made through 
different assembling cycles were record in Fig. 4. The more 
assembly cycles, the more oscillations present in the spectrum, 
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indicating that the film becomes thicker as the assemble cycle 
increases. 

The amplitude was read out to be 0.012, and therefore 
according to Table 1 and Eq. (30), the refractive index of the 
PVPON/PAA film was calculated to be about 1.510. Then 
according to Eq. (24), the thicknesses of the films with the 
different assembled cycles were determined. As shown in 
Fig. 5, from 10 to 20 assembling cycles, thickness of the films 
has a linear relationship with the assembly cycles. The film’s 
average growth is 97 nm per assembly cycle, which is one the 
fastest increasing rates of LBL process have ever known [22]. 

3.4. Monitor the composition changes of film 

Refractive index can be used as a parameter to determine the 
component content in the mixture system. Here, the LBL film 
can be looked as a polymer network filled with water. Therefore 
the film is divided into two parts, pure PVPON/PAA block and 
water. The effective index of the film can be estimated as [23]: 

n\f ~ v p n w + (1 - v P )n s (31) 

where n^ is the effective value of the refractive index of the 
water-filled film, n w is the refractive index of water , and n s is 
the refractive index of the of the pure PVPON/PAA block. v p is 
the water volume fraction of the water-absorbed film. 

The newly fabricated (PVPON/PAA) 16 film was incubated in 
water (pH = 2) for a day. Then the film was torrefied in an oven 
at 80 °C for a day. The FTIR spectra proved that the incubation 
and torrefaction can prepare high and low water content samples 
respectively. As shown in Fig. 6, torrefaction led the strength of 
shoulder peak at ~3500 cm -1 assigned to O-H stretching 
vibration of water to become weak, indicating there were water 
molecules driven out by torrefaction. 

According to Eq. (31), because n w <n s , when the water 
content in the film reduces, the effective index of the film will 
increase. According to Table 1 or Eq. (27), the increase of 
refractive index film would amplify the amplitude of Fabry- 
Perot fringes. This conclusion is proved by Fig. 7. The sample 
with high water content (Fig. 7, Spectrum a) has weaker 
amplitude than that of the sample with low water content 
(Fig. 7, Spectrum b). When the water content of the film 
changes, the effective index of the film will change, and 
correspondingly the amplitude of Fabry-Perot fringes will 
change. Therefore the amplitude can be used as an indicator of 
the composition change of the LBL film. 

4. Conclusion 

If the obvious refractive index contrast between the film and 
substrate exists, when the LBL films reach to certain thickness 


and have high level of smoothness, the Fabry-Perot fringes will 
display in the UV-visible spectra of the films. The peak 
positions of Fabry-Perot fringes are determined by the product 
of the refractive index and thickness of the film, while the 
amplitude is determined by the refractive index contrast 
between film and substrate. 

Through the peak positions and the amplitude of the Fabry- 
Perot fringes, the thickness and refractive index of the film can 
be evaluated. At the same time, the amplitude can be used as an 
indicator of the composition change of the film. 
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